Here we describe biosensors that provide readouts for protein stability in the cytosolic compartment of prokaryotes. These biosensors consist of tripartite sandwich fusions that link the in vitro stability or aggregation susceptibility of guest proteins to the in vivo resistance of host cells to the antibiotics kanamycin, spectinomycin, and nourseothricin. These selectable markers confer antibiotic resistance in a wide range of hosts and are easily quantifiable. We show that mutations within guest proteins that affect their stability alter the antibiotic resistances of the cells expressing the biosensors in a manner that is related to the in vitro stabilities of the mutant guest proteins. In addition, we find that polyglutamine tracts of increasing length are associated with an increased tendency to form amyloids in vivo and, in our sandwich fusion system, with decreased resistance to aminoglycoside antibiotics. We demonstrate that our approach allows the in vivo analysis of protein stability in the cytosolic compartment without the need for prior structural and functional knowledge.
Here we describe biosensors that provide readouts for protein stability in the cytosolic compartment of prokaryotes. These biosensors consist of tripartite sandwich fusions that link the in vitro stability or aggregation susceptibility of guest proteins to the in vivo resistance of host cells to the antibiotics kanamycin, spectinomycin, and nourseothricin. These selectable markers confer antibiotic resistance in a wide range of hosts and are easily quantifiable. We show that mutations within guest proteins that affect their stability alter the antibiotic resistances of the cells expressing the biosensors in a manner that is related to the in vitro stabilities of the mutant guest proteins. In addition, we find that polyglutamine tracts of increasing length are associated with an increased tendency to form amyloids in vivo and, in our sandwich fusion system, with decreased resistance to aminoglycoside antibiotics. We demonstrate that our approach allows the in vivo analysis of protein stability in the cytosolic compartment without the need for prior structural and functional knowledge. P rotein folding has been intensely studied in vitro, providing us with a detailed understanding of this process. However, the simplified conditions typically used in vitro (i.e., the use of single purified proteins at very low concentrations) differ substantially from the conditions present in the crowded environment in living cells (1) . Although many proteins can fold in vitro without the assistance of other proteins, most proteins in vivo appear to depend on the help of molecular chaperones to fold into their native conformation (2) . Protein misfolding in vivo has been linked to various disease states, including Alzheimer's disease (3), Parkinson's disease (4) , and cystic fibrosis (5) , emphasizing the urgent need to better understand the folding process that occurs inside the cell.
In an attempt to get a better understanding of the in vivo folding process, several in vitro methods have been developed to mimic intracellular conditions. However, replicating the complexity of the cytoplasm in a test tube is a challenging task (6, 7) . The difficulty in reproducing the complex environment of living cells has led to the development of methods that allow the measurement of protein stability and folding kinetics inside the cell (8) (9) (10) . Our lab recently developed biosensors that link protein stability to antimicrobial resistance, allowing the investigation of the periplasmic folding environment (11, 12) . Here, we describe the establishment of new protein folding sensors based on proteins involved with resistance to spectinomycin, kanamycin, and nourseothricin (ClonNAT) that expand our approach beyond the periplasm into the more complex folding environment of the cytosol. Using the three guest proteins immunity protein 7 (Im7), human muscle acylphosphatase (AcP), and polyglutamine (polyQ) tracts, we show that the antibiotic resistance conferred by the biosensors is highly correlated with the in vitro stability and aggregation susceptibility of the guest proteins. These new biosensors thus provide additional tools to investigate in vivo protein folding in the cytosol of a variety of hosts.
MATERIALS AND METHODS
Bacterial strains and expression vectors. Escherichia coli strain NEB10␤ (New England BioLabs) was used for cloning and protein expression. To develop a sandwich fusion system ( Fig. 1) based on kanamycin resistance, we used a vector (pAM18) derived from pCR-Blunt II-TOPO (Invitrogen), which carries the gene (aphA-2) for the kanamycin resistance protein aminoglycoside-3=-phosphotransferase IIa (APH; GenBank accession number WP_004614937). To eliminate expression of the toxic CcdB product present on this plasmid, we introduced a stop codon (TAA) by mutating the tyrosine at amino acid position 5 of the ccdB gene. This was done via site-directed mutagenesis using primers P1 and P2 (see Table S1 in the supplemental material). To increase the proportion of the plasmid taken up by the aphA-2 gene, which encodes kanamycin resistance, the size of the plasmid was decreased by NsiI digestion followed by religation, which removed a 3.4-kb NsiI fragment. The resulting 3.4-kbp plasmid vector was named pAM15.
To develop a sandwich fusion system based on streptomycin/spectinomycin resistance, the aadA gene, which encodes resistance to streptomycin and spectinomycin via an adenylyltransferase [ANT(3Љ) (9) ; GenBank accession number ABF67771], was cloned from pBAD43 into pBR322 using the restriction enzyme HindIII, creating pAMS1.
To develop a sandwich fusion system based on nourseothricin resistance, the nat1 gene encoding nourseothricin acetyltransferase (NAT; GenBank accession number CAA51674), present on plasmid p4339 (obtained from Amy Chang, University of Michigan), was PCR amplified using primers P134 and P135 to introduce EcoRI sites and then ligated into EcoRI-cleaved pBR322 to generate the plasmid pAM103. The ability of the AM101 strain harboring pAM103 to confer nourseothricin resistance was maximal on Terrific broth plates, so this medium was used in experiments involving nourseothricin.
Linker scanning mutagenesis of resistance genes. The overall mutagenesis screen strategy is illustrated in Fig. 2 . To identify sites within antibiotic resistance genes that would permit the insertion of pentapeptides, we used a GPS-LS linker scanning system with the conditions recommended by the manufacturer (New England BioLabs). The following describes the procedure used for the aphA-2 gene (GenBank accession number WP_004614937), which encodes kanamycin resistance. A similar but not identical protocol was followed to identify sites permissive for the aadA gene (GenBank accession number ABF67771), which encodes spectinomycin resistance, and the nat1 gene, which encodes nourseothricin resistance (see the information in the supplemental material).
Twenty nanograms of the transposon donor plasmid pGPS4, which contains transprimer-4, which carries the cat gene encoding chloramphenicol resistance (Cm r ) (GenBank accession number WP_002361567), was mixed with 80 ng of the recipient plasmid pAM15, which carries the aphA-2 gene encoding kanamycin resistance, and the TnsABC transposase enzyme to initiate in vitro transposition. The transposase acts to integrate the transposon randomly in the recipient plasmid sequence. NEB10␤ cells were then transformed with the transposition reaction by electroporation. Cells were incubated for 1 h at 37°C and plated onto plates containing chloramphenicol (15 g/ml) to select for plasmids that were successful recipients in the in vitro transposition reaction. The donor plasmid contains the R6K origin, whose replication requires the protein to be supplied in cis. This plasmid is thus not able to replicate in NEB10␤ cells. Therefore, only those events that result in successful transposition into the recipient plasmid result in chloramphenicol-resistant colonies.
To screen for those reactions that resulted in insertion of transprimer-4 into aphA-2 and had thus abolished kanamycin resistance, we simply replica plated the transformants onto Luria-Bertani (LB) plates containing either chloramphenicol alone (15 g/ml; LB Cm) or both chloramphenicol (15 g/ml) and kanamycin (100 g/ml).
Because subsequent steps required the identification of sites that could tolerate the insertion of an open reading frame (ORF) into aphA-2, it was very important to eliminate all kanamycin-resistant bacteria at this stage to prevent contamination in subsequent steps. Thus, the kanamycin-sensitive (Kan s ) clones were purified to single colonies and subjected to four rounds of replica plating.
The transposons inserted by the GPS-LS linker scanning system were flanked by PmeI restriction enzyme sites. This design allows the facile removal of nearly all of the inserted cat gene, which encodes chloramphenicol resistance, by PmeI digestion followed by religation. The remaining 15-bp transposition scar contains a PmeI restriction site and encodes a tiny 5-amino-acid ORF. This approach allowed us to identify sites in aphA-2 that would tolerate a 5-amino-acid insertion and to easily introduce test protein ORFs via the PmeI site. The Kan s clones were grown overnight with shaking at 37°C in 100 l LB Cm contained in 96-well microtiter plates that had been covered with AirPore tape sheets (Qiagen). Seventy-microliter aliquots from each of these Kan s cultures were pooled, and plasmid DNA was prepared and digested with PmeI. The linearized DNA from the Kan s library was gel purified and religated. This library contained the linker scanners and was therefore named the Kan LS library. It was transformed into NEB10␤ cells and selected on LB plates containing 200 g/ml kanamycin, followed by sequencing using primer P3 in order to determine which sites within aphA-2 could sustain 5-amino-acid insertions and still cause kanamycin resistance.
Cloning of Im7 into the Kan LS library. The ceiE7 gene (GenBank accession number Q03708) (11) , altered so that it would encode the Im7 F84A mutant flanked by glycine-serine (GS) linkers, was amplified from pAM120 using primers P4 and P5. The GS linkers consisted of 17 amino acids each (upstream sequence, GLNGSGSGSGSGSGSSGSGS; downstream sequence, GSSSGSSGSGSGGGGSGLNG). The primers were designed to introduce PmeI restriction sites at both ends of the gene encoding Im7, ceiE7. The PCR product was ligated into the pCR-Blunt II-TOPO vector (Invitrogen). This clone was then digested with PmeI to isolate the Im7 F84A ORF and subsequently ligated into the Kan LS library, which had been PmeI digested and dephosphorylated. Those sites within aphA-2 that allowed phenotypic Kan r even after the insertion of the Im7 ORF were isolated by transformation into electrocompetent NEB10␤ cells, followed by plating on LB plates that contained 100 g/ml kanamycin. The sites within aphA-2 that were permissive for the Im7 F84A insertion were identified by sequencing using primer P3. The Im7 F84A mutation inserted into amino acid position 55 of aphA-2 (aphA-2aa55; present on pAM108) was reversed to generate the wild-type (WT) Im7 gene ceiE7 using primers P6 and P7, generating pAM107. To further optimize APH as a biosensor, we evaluated strains containing either Im7 F84A (strain AM236) or wildtype Im7 (strain AM235) for differences in antibiotic resistance after growth on various media (LB, Terrific broth, MacConkey agar, nutrient broth, and M63), at various temperatures (37°C and 42°C), in various strain backgrounds (strains BL21 and MG1655), and with 4 different kanamycin-related antibiotics (kanamycin, neomycin, paramomycin, and gentamicin). The conditions that showed the largest difference in antibiotic resistance between tripartite fusions containing the unstable Im7 F84A mutant and wild-type Im7 were those in which the BL21(DE3)-RIPL strain was grown in LB medium at 37°C, where a very satisfying 5-log-unit difference in cell survival was seen over a nearly 2,000-g/ml range (see Fig. S2 in the supplemental material). Subsequently, individual point mutants of known thermodynamic stability (F15A, V33E, L34A, L53A, I54V, N26K-S58R, V69A, N26K-T30N-S58R, L3A, D35N-D63N, V27A-D63N, L18F-D35N-D63N, L18A) were introduced into the Im7 WT tripartite fusion by site-directed mutagenesis using primers P8-P9, P10-P11, P12-P13, P14-P15, P16-P17, P46-P47-P48-P49, P52-P53, P44-P45-P48-P49, P30-P31, P25-P26-P36-P37, P25-P26-P40-P41, P38-P39-P25-P26-P36-P37, and P42-P43, respectively. Various variants of Im7 were introduced into the pentapeptide permissive sites in the APH and NAT proteins in a similar manner. The derivation of these plasmids is described in Table S5 in the supplemental material.
Replacing Im7 with another guest protein (AcP) in the spectinomycin resistance marker. Digestion of the pBR322 plasmid that contains the aadA gene with the ceiE7 gene encoding the guest protein Im7 inserted after amino acid 155 of ANT (pAMS2) with XhoI and SacI removes only ceiE7 from the plasmid and leaves the majority of the GS linker in the plasmid, creating pAMS3 (see Fig. S1 in the supplemental material). This simplifies the swapping of different guest proteins in the biosensor. Note that the digest shortens the original upstream GS linker in pAMS3 from 17 to 11 amino acids, followed by the XhoI restriction site (which encodes Leu and Glu); the downstream linker is similarly shortened from 17 to 13 amino acids and is preceded by a SacI restriction site (which encodes Glu and Leu). The acpY2 gene, encoding the enzyme AcP (GenBank accession number P14621), was thus cloned into pAMS3 using XhoI and SacI, creating pAMS34. This construct was further modified using primers P52 and P53 in order to create a cysteine-less variant of AcP (C21S) called pAMS35. The use of this cysteine-less variant, which was present in all subsequent AcP constructs, facilitates comparison with previously published stability data (13) . This pseudo wild-type variant is referred to as the WT throughout the study. pAMS35 therefore has the biosensor with acpY2 inserted after amino acid position 155 of aadA. AcP variants Y11F, V20A, M61A, L65V, and E83D all contain mutation C21S and were created using site-directed mutagenesis with primers P56-P57, P58-P59, P60-P61, P62-P63, and P64-P65, respectively (plasmids pAMS36 to pAMS40; see Table S5 in the supplemental material).
Cloning of polyglutamines at position 55 in the aphA-2 gene, which encodes APH. To facilitate the insertion of additional peptides at permissive position 55 within the APH protein, a unique BamHI site was introduced at the corresponding position of the aphA-2 gene in pAM15 by site-directed mutagenesis using primers P18 and P19. Different lengths of polyQ-encoding DNA flanked by BamHI ends was amplified from p416/ PQ103 (14) using primers P20 and P21. PCR products ranging in size from 50 to 500 bp were isolated from a 1% preparative agarose gel. Subclones of polyQ-encoding DNA of various lengths were made in the pCRBlunt II-TOPO vector. Three different lengths of polyQ inserts (20, 45 , and 87 Q residues), which were isolated by BamHI digestion and ligated into a BamHI-linearized dephosphorylated vector followed by transformation into NEB10␤ cells, were identified by sequencing. The corresponding plasmids were called pAM79, pAM80, and pAM81. We noticed that the polyQ87 tract in pAM81 was somewhat unstable, readily generating N-terminal 40-nucleotide deletions in APH. To prevent these specific recombinations, several silent mutations were generated at positions 41 to 43 of APH in pAM81 using primers P22 and P23 to generate pAM180. This plasmid was stable, so the changes appear to have reduced homologous recombinations between the ORF and its promoter.
MIC determination in E. coli. Antibiotic resistance was measured in terms of the MIC, i.e., the lowest concentration of an antibiotic that inhibits the growth of a microorganism. MIC experiments were performed as described by Foit et al. (11) with the following modifications. Prior to spot titer experiments for kanamycin or nourseothricin resistance, cultures were made by inoculating a single colony into 5 ml LB containing either 25 g/ml zeocin or 200 g/ml ampicillin, followed by incubation overnight at 37°C without shaking to obtain an optical density (OD) at 600 nm (OD 600 ) of ϳ0.1 to 0.2. Note that this overnight selection was not for the partially crippled antibiotic resistance marker but, rather, was for the alternative antibiotic resistance marker present on the plasmid. Following this standing overnight growth, tubes were transferred to a shaking incubator at 37°C, where cells rapidly entered log-phase growth and after 2 to 3 h had reached late log phase (OD 600 ϭ 1 to 1.5). Spot titer experiments were done on prewarmed LB agar plates containing increasing concentrations of kanamycin or nourseothricin. The growth of cultures for determining MICs for spectinomycin resistance was done in a slightly different fashion. Single colonies were inoculated from plates and grown overnight in culture tubes containing 5 ml LB and ampicillin (100 g/ml) in a rotary drum incubator at 37°C. Overnight cultures were diluted 1:100 and grown to log phase under the same conditions. Cells were pelleted and adjusted to an OD 600 of 1 with phosphate-buffered saline (PBS). Cells were serially diluted, and dilutions of 10 0 to 10 Ϫ5 were spotted on LB plates containing increasing concentrations of spectinomycin.
After incubation overnight at 37°C, MICs for every variant were determined by evaluating the growth of each dilution on antibiotic at each concentration. The average of the MICs of dilutions of 10 Ϫ1 to 10 Ϫ5 was calculated. Experiments were repeated at least three times, and the results are shown as means Ϯ standard errors of the means.
Fractionation of E. coli extracts. Cultures expressing aphA-2aa55:: ceiE7 variants were grown overnight in LB containing 25 g/ml zeocin. The culture density was then adjusted to an OD 600 of 3.5 by adding 10 mM Tris, pH 8.0. For soluble protein extraction, 0.5 ml of these cultures was pelleted at 15,700 ϫ g for 10 min, and the pellets were resuspended in 500 l lysis buffer (1 mg/ml lysozyme, 5 mM EDTA in Tris-buffered saline).
One hundred microliters of 0.1-mm-diameter glass beads (BioSpec) was added to each tube, and the tubes were incubated on ice for 30 min, during which time they were vortexed four times at top speed for 30 s each time to lyse the cells and break up big aggregates. Aggregates were separated by centrifugation at 15,700 ϫ g for 10 min. Aggregated proteins in the pellet were extracted by boiling the pellet for 5 min in 600 l of 1ϫ SDS loading buffer. Two hundred microliters of the supernatant was mixed with 40 l of 5ϫ SDS loading buffer and denatured by boiling for 3 min at 95°C. This fraction was designated the soluble fraction. Samples from the soluble and insoluble fractions (15 l each) were loaded on precast 4 to 12% bis-Tris polyacrylamide gels. Proteins were blotted on an iBlot system (Invitrogen) according to the manufacturer's instructions. Protein fusions containing the kanamycin resistance protein were detected with Western blots using anti-neomycin phosphotransferase II (Sigma) antibody at a 1:10,000 dilution. Horseradish peroxidase-conjugated goat anti-rabbit IgG at a 1:10,000 dilution was used as the secondary antibody. SuperSignal West Pico chemiluminescent substrate (Pierce) was used to visualize antibody binding.
For fractionation of the polyQ sandwich fusion proteins, 0.2-ml samples from the overnight cultures (OD 600 ϭ 5) were incubated with lysis buffer on ice. To break the cells, freezing and thawing were performed for 3 rounds by cycling between a dry ice ethanol bath and a water bath held at 37°C. The supernatant obtained after centrifugation at 15,700 ϫ g for 10 min was considered the soluble fraction. The insoluble pellet was dissolved in 240 l 1ϫ SDS loading buffer, and 40 l 5ϫ SDS loading buffer was added to the 200-l supernatant. Samples were denatured by boiling at 95°C for 3 min, and 20 l from both fractions was loaded onto precast 4 to 12% bis-Tris gels. Western blotting and development were done as described above.
Cloning of aphA-2aa55::ceiE7 variants and polyQ sandwich fusions in Saccharomyces cerevisiae. Primers P24 and P25 were designed to amplify sandwich fusions from the pTOPO vector, and these fusions were cloned into the pYES2.1 TOPO TA expression shuttle vector. Clones were sequenced with primers P26 and P27.
MIC determination in S. cerevisiae. Sandwich fusions were transformed into the INVSc1 strain of S. cerevisiae expressed in synthetic complete (SC) minimal broth medium minus uracil (SCϪU) supplemented with 2% galactose under the control of the GAL promoter for 48 h. All cultures were adjusted to an OD 600 of 0.2. Fully induced cultures (3.2 l) were inoculated in 100 l yeast extract-peptone dextrose (YPD) medium containing various concentrations of G418 in 96-well plate formats. Microtiter plates were sealed with tape pads (Qiagen) and incubated at 30°C for 20 h. The OD 600 was measured with a Synergy HT plate reader (BioTek Instruments, Inc.).
Analysis of sandwich fusions in S. cerevisiae. Sandwich fusions with Im7 variants or polyQ were expressed in SCϪU supplemented with 2% galactose for 48 h. Duplicate 0.2-ml samples from the cultures were adjusted to an OD 600 of 5. Cells were pelleted by centrifuging at 6,500 ϫ g for 5 min. For soluble protein extraction, pellets were treated with 200 l yeast lysis solution (Amersham) according to the manufacturer's instructions. For total protein analysis, the pellet was dissolved in 240 l 1ϫ SDS loading buffer. Glass beads (ϳ100 l; diameter, 0.5 mm) were added to each of the tubes. The tubes were incubated on ice and vortexed at high speed six times for 30 s each time. For soluble protein extraction, centrifugation was done at 15,700 ϫ g for 10 min. One hundred microliters supernatant was aspirated, and 20 l 5ϫ SDS loading buffer was added. Samples were boiled at 95°C for 3 min. For the loading control, 15-l samples were loaded on 7% Tris-acetate gels, and for Western blot analysis, 20-l samples were loaded on 4 to 12% bis-Tris gels. Blotting and development were done as described above.
RESULTS

Development of a protein folding biosensor.
The principle of a sandwich folding biosensor is illustrated in Fig. 1 . It involves the insertion of a guest protein (shown in blue) into the middle of a selectable marker. The concept is that if the guest protein is folded properly, it should bring the N-and C-terminal halves of the selectable marker close together, enabling the marker to fold properly and thus function. However, if the guest protein is unstable, it will be cleaved by the plethora of proteases present in vivo or it will be prone to aggregation. Both proteolysis and aggregation should, in theory, decrease the activity of the biosensor. In principle, if one is able to couple in vivo proteolysis or aggregation to an appropriate selectable marker, one should be able to study protein stability and aggregation propensity in vivo. If the selectable marker is efficient enough, one should also be able to select for more stable or less aggregation-prone variants and to identify host mutants that show improved folding environments. We previously developed biosensors based on two periplasmic proteins: the ␤-lactamase protein, which confers ampicillin resistance, and the DsbA protein, which catalyzes disulfide bond formation and confers cadmium resistance. The selective power of this approach allowed the facile isolation of stabilized protein variants (11) and the discovery of a new periplasmic chaperone called Spy (11, 15) . Although powerful, these systems cannot be utilized to investigate the folding environment of the cytoplasm because export to the periplasm is essential for ␤-lactamase function and for the cadmium resistance encoded by the DsbA gene. We therefore decided to search for selectable markers that could expand our approach into the cytosolic compartment and potentially into other organisms as well.
Antibiotic resistance markers are ideal for our purposes because antibiotics very effectively kill cells or inhibit their growth, their resistance markers often provide very high levels of protection, and they often work on a wide variety of species. Antimicrobial resistance can easily be determined in spot titer experiments, and the effects of different conditions or mutations on protein stability or aggregation propensity can be compared. We decided to investigate markers for kanamycin, spectinomycin, and nourseothricin resistance. The aminoglycoside-3=-phosphotransferase IIa (APH) gene, which encodes kanamycin resistance in bacteria and G418 resistance in yeast, was chosen because its structure is known and it is commonly used as a selection marker (16, 17) . The streptomycin/spectinomycin adenylyltransferase ANT(3Љ)(9) protein (18) was similarly chosen because spectinomycin and streptomycin are also commonly used, inexpensive, and readily available (19) . Resistance to the antibiotic nourseothricin (20) is conferred by nourseothricin acetyltransferase (NAT). This antibiotic, though much more expensive and less available than kanamycin or spectinomycin, was chosen because it is effective not just against Gram-negative bacteria but also against Gram-positive bacteria, mycobacteria, mycoplasmas, protista, yeasts, and plants (21) (22) (23) (24) .
For the sandwich fusion approach to be successful, we needed to find sites within these antibiotic resistance markers that would tolerate the insertion of folded proteins and be responsive to the stability or aggregation susceptibility of the inserted protein, allowing us to link antibiotic resistance to protein stability or aggregation susceptibility. These types of sites are presumably quite rare, as most insertions are disruptive to protein function (25) . We decided to develop a general protocol to find sites within selectable markers that would tolerate insertions and then to find within this set those in which the stability of the inserted protein determined the selectable marker's activity. To accomplish this, we first constructed a library of insertions within the antibiotic resistance genes, screened them for sites that would tolerate short amino acid insertions, and then screened these for sites that would tolerate the insertion of a complete protein. Finally, we screened these sites for those in which the stability of the inserted protein determined the level of antibiotic resistance. This procedure is diagramed in Fig. 2 and described in detail in the Materials and Methods.
To construct libraries of insertion sites within the antibiotic resistance genes, the GPS-LS linker scanning system, a transposon-based mutagenesis system commercially available from New England BioLabs, was used. This system enables the rapid construction of an extensive set of random insertions of a minitransposon consisting of the chloramphenicol resistance marker flanked by PmeI sites into plasmid DNA.
The development of a kanamycin resistance-based stability biosensor is described here in detail. Stability biosensors based on other antibiotic resistance markers were generated in a similar fashion and are described in the Materials and Methods and in the information in the supplemental material.
We first transposed a chloramphenicol resistance (Cm r ) marker from the transposon donor plasmid pGPS4 into a recipient plasmid, pAM15, which contains the kanamycin resistance marker. We screened the ϳ30,000 chloramphenicol-resistant insertions that we obtained for those that were kanamycin sensitive in order to obtain a library of clones containing insertion sites within the aphA-2 gene, which normally encodes kanamycin resistance. After four rounds of purification, 1,800 insertions verified to be kanamycin sensitive were obtained. The insertion sites were determined for 50 of these insertions. All were within aphA-2 and its promoter region, and all were in different sites, consistent with previous observations that the Tn9 transposase, on which the GPS-LS linker scanning system is based, inserts with very little sequence specificity. Because the number of insertions that we obtained (n ϭ 1,800) exceeded the number of codons (n ϭ 264) in the aphA-2 gene by a factor of ϳ6, we reasoned that our insertion library was likely reasonably complete.
The transposons were excised from the pooled library, leaving behind a pentapeptide insertion carrying a PmeI site. Those sites within APH that could tolerate insertions of 5 amino acids and still confer kanamycin resistance were readily obtained simply by plating the religated library pool on medium containing 200 g/ml kanamycin (26) . Determination of the insertion site within 46 randomly picked Kan r clones (see Fig. S2 in the supplemental material) indicates that the majority of the pentapeptide permissible insertion sites are present in surface loops in the N-terminal domain of the APH protein. We then discovered which of these sites could tolerate larger insertions by simply recleaving the Cm r Kan s library of all 1,800 clones with PmeI, followed by the kanamycin-resistant insertional cloning of a larger open reading frame. For a guest protein, we initially picked immunity protein 7 (Im7), a 10-kDa, helical E. coli protein. We chose Im7 as a model protein because of the ready availability of Im7 variants with a wide spectrum of known thermodynamic stabilities (11, 27) . This facilitated the following step in our procedure: namely, to test different permissive sites for their correlation between antibiotic resistance and protein stability. For initial experiments, we chose to investigate a very destabilized variant, Im7 F84A. Im7 F84A was chosen as a guest protein because it is unstable in vivo and in vitro but is still capable of expressing significant resistance to penicillin when tested in the ␤-lactamase stability biosensors (11, 27) . We ligated the plasmids with pAM108, a construct consisting of Im7 F84A and flanking glycine-serine (GS) linkers at its C and N termini (see Fig. S1 in the supplemental material). The linkers were designed to provide flexibility and reduce the steric interference of the fusion proteins, allowing them to fold independently into their native conformations.
Four sites at positions 11, 21, 42, and 55 within the APH protein that tolerate the insertion of Im7 F84A and still exhibit resistance to at least 100 g/ml kanamycin were found ( Fig. 3 ; see also Fig. S2 in the supplemental material) . The APH protein, present in plasmid pAM108, with insertions of Im7 at position 55 was selected for further analysis.
Optimization of insertion sites. For a stability biosensor to be effective, it should give a linear readout over a wide range of stabilities of the guest protein. For biosensors derived from the APH protein, this means that there should be a large difference in kanamycin resistance for sandwich fusions containing inserted guest proteins of various stabilities, and their kanamycin resistance should be directly related to the stabilities of the guest proteins. Thus, we restored the wild-type Im7 sequence in our Im7 F84A construct and then introduced into Im7 a wide range of mutations that are known to affect Im7 protein stability (see Tables S5 and S2 in supplemental material). The relative MICs conferred by different sandwich fusions showed a very nice relationship with the stabilities of Im7 variants for all the destabilized variants and the wild-type protein (Fig. 4A) . Variants of Im7 with stabilities greater than the stability of the wild type, however, showed MIC values that scattered around the wild-type MIC, indicating that the biosensors' capacity to measure stabilities may saturate for proteins with stabilities greater than that of wild-type Im7 (Ϫ24.9 kJ/mol) (27) .
The amount and solubility of the sandwich fusions were evaluated via Western blotting using both whole-cell lysates and soluble fractions ( Fig. 4B and C ; see also Fig. S3A and B in supplemental material). We observed increased aggregation of the sandwich fusion as the stability of the guest protein inserted into the tripartite fusion decreased. It has previously been observed that when polyglutamine tracts longer than ϳ35 residues are present in proteins, they have a strong tendency to form amyloids in vitro and in vivo, with an increasing length of polyglutamine being associated with more severe amyloidogenesis (28) . We inserted polyglutamine tracts of three different lengths (20, 45 , and 87 Q residues) at position 55 in APH and evaluated their effect on the solubility of the resulting sandwich fusions and on their ability to cause kanamycin resistance. As shown in Fig. 5 , as the length of the polyglutamine tracts within sandwich fusions increased, the kanamycin resistance of cells expressing these fusions decreased (Fig.  5A) ; the amount of soluble material also decreased (Fig. 5B) . Conversely, the proportion of SDS-insoluble material expressed increased with increasing polyglutamine tract length.
This APH biosensor thus appears to function as a readout for the aggregation propensity of polyglutamine tracts in the range of 20 to 87 amino acids and as a readout for Im7 stability in the range of 0 to Ϫ24.9 kJ/mol. The periplasmic ␤-lactamase-based stability biosensor that we previously developed was sensitive over a broader range. We wondered if biosensors based on resistance to another antibiotic might be responsive to a broader range of protein stabilities, so we repeated the biosensor development process using the streptomycin/spectinomycin adenylyltransferase ANT(3Љ) (9) protein, which confers spectinomycin/streptomycin resistance.
Identification of pentapeptide permissive sites in ANT. Pentapeptide permissive sites could be identified in a fashion similar to that described for APH by selecting colonies for regained spectinomycin resistance and identifying permissive sites by sequencing. While the transposon insertions appeared to be randomly distributed throughout aadA, pentapeptide permissive sites were (20, 45 , and 87 Q residues, designated by ϩQ20, ϩQ45, and ϩQ87) were directly fused at position 55 in APH, and the resulting sandwich fusions were expressed in NEB10␤. Cell survival at maximum dilutions was scored for different concentrations of kanamycin. The Kan WT is strain AM144, Q20 is strain AM200, Q45 is strain AM201, and Q87 is strain AM308. (B) Western blots showing the distribution of polyQ sandwich fusion proteins in the soluble fraction (lanes S) and in the corresponding cell pellets of the strains (lanes P). Numbers on the left are molecular size markers (in kilodaltons).
found in only three distinct hot spots in the protein (see Fig. S4 in the supplemental material).
Im7 permissive sites in ANT show a distribution pattern similar to that of pentapeptide permissive sites. We again reasoned that only sites that tolerate a pentapeptide insertion would be likely to accept the insertion of a model protein. Im7 with linker sequences was thus cloned in the PmeI site carried by the pentapeptide insertion. The library containing Im7 in ANT pentapeptide permissive sites was transformed and selected on plates containing 100 g/ml spectinomycin. Plasmids from resistant colonies were sequenced in order to identify Im7 permissive sites. Sequencing of resistant colonies showed that sites tolerating Im7 insertions also accumulated in three hot spots in ANT in a pattern very similar to that found for the pentapeptide library (see Fig.  S4C and D in the supplemental material), allowing us to conclude that many sites that allow the insertion of a pentapeptide also allow the insertion of a full-length protein. The three hot spots in ANT that permitted Im7 insertions are positions 75 to 81, 152 to 157, and 289 to 317 (see Fig. S4C and D in the supplemental material). The last two groups of insertions were, as expected, in frame. Surprisingly, many of the insertions located in the N terminus (positions 75 to 81) caused frameshifts.
To further investigate this result, we screened 500 clones for spectinomycin resistance by letting them grow overnight in increasing concentrations of spectinomycin. By measuring the final ODs of the overnight cultures, we separated the insertions into two subgroups: (i) those with high spectinomycin resistance (for which MICs were indistinguishable from the MIC obtained for wild-type ANT) and (ii) those with moderate spectinomycin resistance. All the clones with high spectinomycin resistance had in-frame insertions and were located in the N terminus of ANT (see Fig. S4C in the supplemental material). The subgroup with significantly lower resistance had insertions in the N terminus, the middle, or the C terminus of the protein (see Fig. S4D in the supplemental material). We reasoned that clones with frameshifts in the N terminus might express truncated but still fully functional versions of ANT that use an alternate initiation codon that lies downstream of the Im7 insertion site. If this were the case, it seemed unlikely that the insertion of proteins with various stabilities at these positions would alter spectinomycin sensitivity. Therefore, we focused on insertion sites in the middle and the C terminus of the protein.
A spectinomycin-based biosensor links antibiotic resistance and in vitro stability for different guest proteins. Initially, we chose an insertion site in the middle of ANT (at position 155) present on plasmid pAMS2, to test the relationship between the in vitro stability of the Im7 guest protein and the antibiotic resistance of cells expressing the fusion protein. Using site-directed mutagenesis and pAMS2 as a template, we generated Im7 variants (pAMS4 to pAM15) covering a wide stability range (see Table S2 in the supplemental material). We then measured the MICs of cells expressing those fusion proteins (AMS2 and AMS4 to AMS15). Figure 6A shows that there is a very good correlation between the in vitro stability of the tested Im7 variants and the antibiotic resistance of cells expressing the corresponding fusion proteins. Variants that are destabilized compared to the stability of the WT in vitro show low antibiotic resistance, and in contrast to the kanamycin resistance-based protein stability biosensor, stabilized variants have resistances higher than the resistance of the wild type. Thus, it appears that the spectinomycin-based stability biosensors have a significantly broader range than the kanamycinbased ones.
The spectinomycin-based system contains XhoI and SacI restriction sites, placed close to Im7 within the GS linker sequence, to facilitate the easy replacement of Im7 with different guest proteins (Fig. S1 in the supplemental material) . To determine if this spectinomycin-based system functions as a stability biosensor with a different guest protein (in addition to Im7), we tested its functionality with human muscle acylphosphate (AcP). This 98-amino-acid enzyme was chosen because the in vitro stabilities of many of its variants are known (13, 29) . We switched the Im7 protein in our ANT tripartite fusion (pAMS2) with wild-type AcP (creating pAMS34) (see Fig. S1 in the supplemental material) and then used site-directed mutagenesis to generate a series of AcP variants (pAMS35 to pAMS40; see Table S5 in the supplemental material) with a wide range of in vitro stabilities (see Table S4 in the supplemental material). The spectinomycin MICs of these constructs measured in spot titer experiments were very well correlated to the in vitro stabilities of the inserted AcP protein variants (13) (Fig. 6B) , showing that this system is not limited to Im7. were plotted against the MICs for bacteria expressing the respective variants in the tripartite fusion Im7, which were (from left to right) strains AMS6, AMS15, AMS11, AMS5, AMS4, AMS8, AMS10, AMS2, AMS14, AMS12, AMS13, AMS7, and AMS9, and AcP, which were (from left to right) strains AMS37, AMS40, AMS38, AMS39, AMS35, and AMS36. The in vitro protein stabilities were taken from the literature (13, 27) . MICs for cells expressing the constructs were measured in spot titer experiments. For both guest proteins, we see a significant correlation between stability and spectinomycin resistance.
To test whether our spectinomycin-based biosensor results depend on the position of the insertion site, we repeated the Im7 experiments for three additional permissive sites: two in the middle (positions 153 and 157) and one at the C terminus (position 289) of ANT (Fig. 7) . MICs were measured in strains AMS2, AMS4, and AMS6 to AMS9 for insertion site 155, AMS16 to AMS21 for insertion site 153, AMS22 to AMS27 for insertion site 157, and AMS28 to AMS33 for insertion site 289 (see Table S5 in the supplemental material). For all tested sites, a very clear correlation between the in vitro stability of the insert and the in vivo antibiotic resistance of the corresponding construct was shown. For all four sites tested, there was a drop-off in apparent sensitivity for the most stable Im7 variant (Y11F; ⌬⌬G 0 , 1.8 kJ/mol) (13) . This suggests that the spectinomycin-based stability biosensors may, like the kanamycin-based sensors, also work over a broader but still limited range of corresponding in vitro stabilities.
Toward the development of a stability biosensor that functions in the eukaryote S. cerevisiae. Finally, we attempted to develop a stability biosensor that functions in yeast. The APH protein confers resistance to the aminoglycoside antibiotic G418 in S. cerevisiae (30) . Six different APH sandwich fusions containing Im7 guest proteins with various stabilities were cloned behind the GAL promoter and grown with induction using 2% galactose for 48 h. Following induction, ϳ2 ϫ10 4 yeast cells were inoculated into 100 l YPD medium containing increasing concentrations of G418 (0 to 53 mg/ml) and grown at 30°C for 20 h; growth was monitored by measuring the OD 600 (see Fig. S5 in the supplemental material). Growth inhibition by G418 of S. cerevisiae cells expressing these different sandwich fusions was linearly correlated with the stabilities of the Im7 guest proteins in the fusion; i.e., fusions containing proteins with greater stability showed greater antibiotic resistance (Fig. 8A) .
The amount and solubility of the sandwich fusions were quantified via Western blotting using both whole-cell lysates and soluble fractions ( Fig. 8B and C ; see also Fig. S6 in the supplemental material). The amount of soluble material varied directly with the stability of the inserted Im7 protein, whereas the total amount of sandwich fusion remained constant. We next tested the solubility and activity of the APH sandwich fusions containing polyglutamine tracts. S. cerevisiae cells expressing polyQ inserted at amino acid 20 (polyQ20) or polyQ87 under galactose control were inoculated into 100 l YPD containing 0 to 53 mg/ml of G418. After 20 h of incubation at 30°C, the growth of S. cerevisiae cells expressing fusions containing polyQ87 was significantly lower in the presence of G418 than that of yeast cells expressing fusions containing polyQ20 (Fig. 9A ). Western blots (Fig. 9B and C) revealed that the total concentration of material was similar for both sandwich fusions, but their solubility differed, with the fusion containing polyQ87 being considerably less soluble (Fig. 9B) . We do not have any specific structural information about how the polyQ tracts behave in the context of the fusion; we do know, however, that as the polyQ tracts get longer, the antibiotic resistances caused by the corresponding fusions go down and the solubility of the corresponding fusions also goes down.
These results suggested that APH/NAT-based biosensors could be used to monitor protein stability and the aggregation tendency in yeast. The differences in OD exhibited in Fig. 9A , however, are substantially less than the Ͼ5-log-unit difference in the numbers of CFU seen with the kanamycin selection in E. coli (Fig. 3B) . We therefore attempted to develop a stability biosensor based on nourseothricin acetyltransferase, which causes resistance to the antibiotic nourseothricin in a wide range of prokaryotic as well as eukaryotic hosts. Using a procedure similar to that used for the kanamycin and spectinomycin resistance markers, we identified two permissive sites in the NAT protein that resulted in a very significant drop in resistance to nourseothricin in E. coli compared to that obtained with the protein with wild-type Im7 when they contained the unstable Im7 F15A insert (see Fig. S7 in the supplemental material). In both cases, cells containing wild-type and hyperstable variants of Im7 had similar nourseothricin resistances, suggesting that, similar to kanamycin resistance in E. coli, the in vitro stability exhibited by wild-type Im7 (15.2 kJ/mol) may represent the limit of the assay. Unfortunately, yeast cells containing our various tripartite fusions were equally and extremely nourseothricin resistant. Concentrations of nourseothricin as high as 5,000 g/ml on plates showed no effect on yeast growth, independently of the NAT Im7 fusion that it contained. This was true when these fusions were cloned on both high-copy-number (pYES-derived) and low-copy-number (pYC-derived) plasmids. In liquid culture, growth could not be completely inhibited even at 33,000 g/ml nourseothricin, and tripartite fusions showed very similar growth curves under nourseothricin selection pressure, irrespective of the in vitro stability of the Im7 that they contained.
DISCUSSION
Levels of protein expression are influenced by the folding capacity of the host and the intrinsic stability or aggregation propensity of the protein of interest (11, 31, 32) . To study protein stability in vivo, we previously developed a selection system based on sandwich fusions to the TEM-1 ␤-lactamase protein, which causes re- sistance to ␤-lactam antibiotics (11) . This system proved to be effective in analyzing the in vivo stability of periplasmic proteins. This paper describes the development of a similar system based on several cytosolically expressed genes that encode resistance to aminoglycoside antibiotics. These sandwich fusion-based systems directly link the stability and solubility of model proteins to a phenotype that is easily selectable in E. coli and, in the case of G418, are screenable in the yeast S. cerevisiae. Insertions are usually deleterious, frequently disrupting the protein structure at the insertion site in catastrophic ways (25, 33) . It is difficult to predict those rare sites within a protein that can accommodate insertions without severe functional disruption (34) .
We therefore developed an approach to experimentally determine insertion-permissive sites within selectable markers. This protocol is very straightforward. It functioned well with all three antibiotic resistance markers that we tested and is potentially generalizable to any selectable marker carried by a plasmid. Sites within a host protein's structure that permit the insertion of a guest protein have historically been most commonly found in linker regions on the surface of the host protein. This is presumably because at these locations, the insertion of a guest protein does not interfere with the overall fold of the host protein (35, 36) . This localization also exposes the guest protein to cellular proteases that recognize unstable and unfolded protein variants and degrade the fusion protein in a rate dependent on the guest protein's stability (37) . The structure of the kanamycin resistance protein is known, and our permissive insertion sites do generally occur on surface regions in some (but not all) loops, but not within linker regions. Thus, even for proteins whose structure is known, like the APH protein, it would have been difficult to predict a priori where permissive insertion sites might lie, emphasizing the need to take an experimental approach. This is even more important for selectable markers like the ANT and NAT proteins, whose structures have not yet been solved. The sandwich biosensor assays described here were developed to monitor in vivo protein stability and aggregation propensity in the cytosolic folding environment. Using these methods, we demonstrate a striking correlation between in vivo antibiotic resistances (the selectable traits) and in vitro stability for two different proteins, immunity protein 7 from E. coli and human muscle phosphatase. We also show that polyQ tracts of increasing length are associated with an increased tendency to form amyloids in vivo and are associated with a decreased resistance to aminoglycoside antibiotics in our sandwich fusion system. We demonstrate that our approach allows the quantitative analysis of protein stability in the cytosolic compartment without the need for prior structural and functional knowledge. These various selection systems will likely be useful in identifying folding modulators that enhance the stability of very unstable proteins (15) .
